Abstract -The Load Tap Changing (LTC) transformer and Shunt Capacitor (SC) bank are major devices for voltage and reactive power control in a distribution substation. Thus, the coordination operation of a LTC transformer and a SC bank is required to achieve better voltage and reactive power compensation at a distribution substation in the same time. This paper proposes coordinate control method of LTC transformer and SC bank to achieve better voltage and reactive power compensation and operation times of these two devices in the same time. The mathematical formulations of the proposed coordinate control method are introduced. Sample case studies are shown to verify the effectiveness of the proposed coordinate control method.
Introduction
Voltage and reactive power compensation is a very important function of a distribution substation in maintaining a suitable voltage level at the customer's terminals and in providing for reactive power demands. The main purpose of voltage and reactive power control in a distribution substation is to regulate voltages on the feeder or low-voltage network and to control reactive power flow over the substation main transformer. Generally, the Load Tap Changing (LTC) transformer and Shunt Capacitor (SC) bank at a distribution substation, the Series Voltage Regulator (SVR) at the feeders, as well as capacitors on the laterals are integrated to control the distribution voltage and reactive power.
The LTC transformer is the main control device of the secondary bus voltage of a substation main transformer. In addition, the SC bank is widely installed at the low-voltage bus of the distribution substation to compensate for the reactive power demands. In previous research on off-line voltage and reactive power control methodologies, the dynamic programming [1] [2] [3] [4] and combined artificial neural network-fuzzy dynamic programming [5] have been proposed to achieve the voltage and reactive power control of a distribution network. However, a good estimation of day ahead load forecasting is required in off-line voltage and reactive power control methodologies. Recently, a time-interval based approach using genetic algorithms for the distribution voltage and reactive power control have been proposed [6] . In previous research on on-line voltage and reactive power control methodologies, heuristic supervisory control method [7] and simplified cooperation method [8] are proposed to achieve voltage and reactive power control of a distribution network.
In this paper, integrated coordinate control method of LTC transformer and SC bank is proposed to achieve better voltage and reactive power compensation and operation times of these two devices in the same time. The proposed method determines an optimal tap position of a LTC transformer and the capacitor status of SC bank and their operations are coordinated to reduce operation times. In the proposed coordinate control method, the LTC tap positions are determined by Multiple Line Drop Compensation (MLDC) method by adopting adaptive dead band control [9] [10] [11] . And its operations are coordinated with capacitor switching operations of SC bank. The capacitor switching operation of the SC bank is determined by the reactive power demands of the distribution substation and the LTC transformer tap position. And its operations are coordinated with tap changing operations of LTC transformer. The mathematical formulation of the proposed coordination control method of the LTC transformer and SC bank are introduced to reduce an unnecessary and/or inefficient tap changing operation in the LTC transformer and switching operation in the SC bank.
Conventional Control Method of the LTC
Transformer and SC Bank
A Typical LTC transformer control method
A simplified discrete mathematical control model of a LTC transformer is given by [9] [10] [11] [12] 
The Line Drop Compensation (LDC) method is a widely used method for control algorithms for a LTC transformer to regulate voltage at a distribution substation. In the LDC method, the Sending End Voltage (SEV) and Sending End Reference Voltage (SERV) are given by
The voltage of the substation secondary bus is controlled by information from the total load current at the substation bus and bus voltage.
The control issues of the LDC method for the LTC transformer at a distribution substation are:
(1) The LDC constants (V ce and Z eq ) -It is very difficult to find an optimum value for multiple feeders with dissimilar load diversity [9] [10] . (2) The dead band constant (db) -It is very complicated to find an optimum value satisfying the voltage regulation performance and the tap changing frequency simultaneously, i.e. a large value of the dead band of the LDC method results in poor voltage regulation performance. In contrast, the small value of the dead band of the LDC method results in frequent tap changing operation times and unstable tap changing operation.
A typical SC bank control method
In general, the SC bank is installed at the distribution substation bus to compensate reactive power demand during a heavy load condition. Also, the bank needs to be switched off during a light load condition. Since the SC bank changes the reactive power demand and voltage of the low voltage bus of the distribution substation, a simple control method is adopted based on the reactive power demand that is available in most distribution substations. The simplified discrete mathematical control model of a SC bank is given by 
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The capacitors of a SC bank are connected (switched on) or disconnected (switched off) to the distribution substation bus when the reactive demand of the distribution substation is larger or smaller than a specified value during a specified time delay. The threshold coefficient and time delay coefficient are adopted to reduce the effects of transient variations of the reactive power demand, i.e. large motor starting. Thus, these coefficients prevent unnecessary switching operations of the capacitors.
A Proposed Coordinate Control Method of the LTC Transformer and SC bank
In the proposed method, the LTC tap position is determined by an integer optimization method in [9] [10] , the Multiple Line Drop Compensation (MLDC) method, by adopting a dead band control. The on/off status of the SC bank determined by the reactive power demands of substation levels and the LTC tap position. In addition, coordination schemes for the LTC transformer and the SC bank are introduced to coordinate the tap changing operation of the LTC transformer and the switching operation of the SC bank.
The Proposed LTC Control Method
The MLDC method was designed to consider different load diversity on multiple feeders and the interconnection of Distributed Generation (DG) [9] [10] . In the MLDC method, the optimal tap position of a LTC transformer is determined by solving an optimization problem. The objective function is defined as how close the customers' voltages in the distribution feeders are to the nominal voltage. The objective function becomes
Subject to max max ,
In the MLDC method, when the optimal tap position in accordance with the optimal SEV is determined, then, (1) is adjusted as follows.
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One of the control problems of the MLDC method for a LTC transformer at a distribution substation is the frequent tap changing operation problem. One of approaches in overcoming this problem is using adaptive dead band control algorithms proposed in [11] . In the conventional LDC method, a dead band is adopted to reduce the effects of transient load fluctuations or voltage variations. A dead band control algorithm is adopted to reduce the tap changing operation times of the MLDC method. In the proposed dead band control algorithm, the Performance Index Ratio (PIR) is adopted for reducing the tap changing operation times of the LTC transformer. The performance index is the objective function values in (11) . The PIR is defined as the ratio of the objective function values between the optimal tap position and the actual tap position.
In the MLDC method, the tap position should be changed with the variation of loads on multiple feeders. If the errors in the PIR between the optimal tap position and the existing tap position are small enough, then the tap changing operation should be delayed or sustained. Thus, the tap changing operation should be delayed or sustained with small changes of the load diversity on multiple feeders. This can be implemented by a PIR that is smaller than the specified error tolerance. Thus, the error of (12) 
From (14), the LTC tap changing operation can be delayed with a small improvement of voltage regulation performance between the optimal tap position and the actual tap position. Therefore, an unnecessary or inefficient tap changing operation could be reduced by adopting the PIR during the small variations of loads on the multiple feeders. Fig. 1 illustrates tap changing operations with/without dead band control [11] . 
The Proposed Coordinate Control Method of the LTC and SC Controller
The main purpose of the proposed coordinate control method is the development of new coordination schemes for the slow acting two substation devices, the LTC transformer and SC bank, in order to optimize their operational performances, i.e. voltage regulation performance and frequency of operation times.
The capacitor switching operation of the SC bank at a distribution substation not only compensates for the reactive power but also regulates voltage at the distribution bus. The connection of the capacitor results in a decrease of reactive power demand and boosts the voltage of the distribution bus due to changes of the reactive power supply of capacitor and the voltage drop of the LTC transformer. In contrast, the disconnection of the capacitor results in increased reactive power demand and decreased voltage on the distribution bus. This interaction seems to be an important factor in the coordination of the LTC transformer and SC bank at the distribution substation.
When reactive and/or active power demand increases or decreases, an unnecessary tap changing and/or capacitor switching operation could be happen without coordination control between the LTC transformer and the SC bank controller. For example, the LTC tap position is unnecessarily changed up and down by the capacitor switching operation during a small variation of reactive and/or active power demand. Therefore, these two devices must be coordinated to enhance their operational performance, i.e. voltage regulation performance and tap or capacitor operation times.
In the proposed method, the optimal tap position is determined by solving integer problems. The tap changing operations of the LTC can be delayed by coordination with the capacitor operation of the SC bank. In order to reduce the inefficient tap changing operation during load increasing periods, the tap changing operation is delayed when capacitor switching operation is ongoing. Hence, the error in the LTC transformer controller is deactivated when the error of the SC bank controller is activated. The capacitor would be switched on when the reactive power demand is larger than a threshold value or the difference between the optimal and actual tap position, i.e. T * (t)-T(tΔt), is larger than a specified value. Thus, the capacitor switching operation of the SC bank would be executed in advance in order to control a reactive power demand, to control a voltage on the distribution bus, and to coordinate with the LTC transformer controller. From this coordination algorithm, inefficient tap changing operations can be prevented during load increasing periods.
In contrast, the capacitor would be switched off when the reactive power demand is smaller than a threshold value and the difference between the optimal and actual tap position is smaller than a specified value in order to reduce an inefficient tap changing operation during load decreasing periods. Also, the error in the LTC transformer controller is deactivated when error in the SC bank controller is activated. Thus, the capacitor switching operation of the SC bank would be delayed in order to control a reactive power demand, to control the voltage of the distribution bus, and to coordinate with the LTC transformer controller. Using this coordination algorithm, capacitor positions remain at their higher positions rather than in a conventional method. This contributes to the reduction of the tap changing operations of the LTC transformer with dead band control. Fig. 3 . A flowchart of the proposed coordinate control method currents feeders and bus voltage. Also, these can be directly measured via measuring devices. In order to guarantee proper coordination between the LTC transformer and the SC bank controller, the sampling time of the current of feeders, bus voltage, and LTC tap position, and SC bank status of the distribution substation bus must be synchronized for coordination of these two devices.
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Case Study
Sample systems
The sample loads curves of the sample distribution system are taken from actual load data. These curves represent the typical load diversity and different load diversity on multiple feeders. The sample load curves in July, June and September are shown in Fig. 4 . A sample distribution network is shown in Fig. 5 . The specifications of the sample distribution network are shown in Table 1 . The general parameters used in the case studies are shown in Table 2 . 
Control parameters
Control error e(t) and E(t):
(1), (7) e(t) and E(t): (12) , (7) e(t) and E(t):
Case I
We performed voltage and reactive power control simulation studies for the sample distribution system for each voltage and reactive power control method, i.e. the LDC with a simple SC bank control method, the MLDC with a simple SC bank control method, and the proposed coordinate control method. The specified simulation parameters of the Case I are summarized as follows:
− Coordination coefficient: γ 1 =1, γ 2 =-2 − PIR tolerance: ε=10% − Δt: 0.1 hour It is note that the coordination coefficient of Case I is not optimum values for the proposed method. The simulation results of the LDC with the simple SC bank control method, the MLDC with a simple SC bank control method, and the proposed coordination control method are illustrated in Fig.  6 ~ Fig. 8 . It is note that the plotting time step is 1 hour in Fig. 6 ~ Fig. 8 . Table 3 shows the sum of CVQ index, the number of LTC tap changing operations, and the capacitor switching operation times for each voltage and reactive power control method. In Table 3 , the Customer Voltage Quality (CVQ) index [9] [10] [11] is the sum of the squared differences between the nominal voltage and maximum and minimum customers' voltages at the feeders. From the simulation results of the LDC with the simple SC bank control method as shown in Fig. 6 , customers' voltages deviated from permissible voltage limits at the peak demand periods. It can be seen that the conventional LDC with the simple SC bank control method cannot maintain a customer's voltage within the permissible limits with different load diversity on multiple feeders, i.e., one feeder has peak demands and the other feeders have mid or off-peak demands.
From the simulation results of the MLDC with the simple SC bank control method as shown in Fig. 7 , customers' voltages are maintained within the permissible voltage limits during all study periods. It can be seen that the voltage regulation performance of the MLDC with the simple SC bank control method is accurate at the distribution substation with different load diversity on the multiple feeders. However, the tap changing operation times of the MLDC with a simple SC bank control method are larger than that of the LDC with a simple SC bank control method. The capacitor switching operation times of these two control methods are same because there is no coordinate control between the LTC transformer and the SC bank controller.
From the simulation results of the proposed coordinate control method as shown in Fig. 8 , customers' voltages are maintained within the permissible voltage limits during all of the study periods. The number of LTC tap changing operations of the proposed coordinate control method is considerably smaller than that of the conventional method due to the coordinate operation between the LTC transformer and SC bank operations. However, the number of capacitor switching operations of the proposed The advance switching operations of the capacitor can be seen due to the proposed coordinate control method of (16), i.e. the capacitor position of the 10 ~ 12-hour (h) period in June, the capacitor position of the 9 ~ 18-h period in July and the capacitor position of the 10 ~ 18-h period in September. These operations contribute to the reduction of the inefficient tap changing operations of the LTC transformer during mid or peak load periods or load increasing periods. Thus, the capacitor positions of the proposed coordinate control method are higher than that of the conventional method.
The delayed or sustained capacitor position can be seen due to the proposed coordinate control method of (16) September. With the coordinate dead band control of (15) for the LTC transformer, these coordinate operations contribute to the reduction of the inefficient tap changing operations of the LTC transformer during mid or off-peak load periods or load decreasing periods.
Case II
As mentioned before, the coordination coefficient parameters effects on the performance of the proposed method, i.e, tap changing operations, capacitor operations, and voltage regulation performance. In the Case II, the effects of coordination coefficient parameters (γ 1 , γ 2 ) are analyzed. The simulation results for different coordination coefficient parameters with ε = 10% are summarized in Table 4 . From the simulation results, it can be seen that the small values of these parameters results frequent operations of the capacitor banks. In contrast, the tap changing operation times are decreased. However, the CVQ indexes (voltage regulation performances) for the different coordination coefficient parameters have reasonable values.
Case III
The PIR tolerance (ε) also effects on the performance of the proposed method. In the Case III, the effects of PIR tolerance are analyzed. The simulation results for different PIR tolerance (ε) value with γ 1 =2 and γ 2 =-2 are summarized in Table 5 . From the results, it can be seen that the small ε value results good voltage regulation performance. But tap changing operation times of the LTC and switching operation times of the capacitor banks are increased.
For the sample distribution systems, it can be seen that γ 1 =2, γ 2 =-2, and ε = 10% result good voltage regulation performance, good tap changing operations for the LTC transformer, and reasonable capacitor switching operation for the SC bank. In view of capacitor switching operation times, 5% ε value could be selected. It is obvious that the optimal values of these parameters are differing from utility operation philosophy of distribution substation, i.e. operation limits of tap changing and capacitor switching.
In most cases, we see that the proposed coordinate control method with proper coordinate parameters gives good operation performances (CVQ index, LTC tap operation times, and capacitor switching operation times) compared with the conventional method.
Conclusion
In this paper, coordinate control method for the LTC transformer and SC bank at a distribution substation are proposed to enhance the operational performance of these two devices. In the proposed coordinate control method, the coordination coefficients (γ 1 , γ 2 ) can be determined by the unit capacity of capacitor banks, the tap interval of the LTC transformer, and load profiles. Thus, these coefficients should be adjusted for the different characteristics of each of the distribution networks.
The effectiveness of the proposed coordinate control method was demonstrated from the case studies. As a result, we see that proposed method provides good voltage regulation performance, good tap changing operational times for the LTC transformer, and a reasonable capacitor switching operation for the SC bank. The proposed coordinate control method provides a reasonable solution for the LTC transformer and SC bank at a distribution substation with different load diversity. The proposed method focus on the voltage and reactive power control of distribution substation levels because all customers' terminal voltages are mainly depend on the voltage of the distribution bus. Thus, this method is a practical solution for a distribution voltage and reactive power control method at the distribution system without locally installed voltage and reactive power control devices, i.e., series voltage regulator and capacitors at HV/LV distribution line. In the near future, we will develop the distribution systemwide volt./var control method for fully automated distribution networks or smart distribution networks. 
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